Abstract.-The lattice temperature T1 and the free electron temperature T are both determined spectroscopically f ran cw photoluminescence experiments after ngnresonant excitation for the direct gap semiconductors GaAs and InP in the temperature range 1.5K< T1<40K. Depending on the excitation intensity and wavelength, the material and its doping, Te, does not decrease any further with decreasing T1 but reaches a saturation value. The finite lifetime of the charge carriers enforces them to dissipate their excess energy at relatively high temperatures. Detailed calculations of energy loss rates are shown to be in agreement with the results of time resolved experiments .
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I N H I B I T E D RELAXATION OF NONRESONANTLY EXCITED ELECTRONS I N A COLD
LATT I CE D. Bimberg Abstract.-The lattice temperature T1 and the free electron temperature T are both determined spectroscopically f ran cw photoluminescence experiments after ngnresonant excitation for the direct gap semiconductors GaAs and InP in the temperature range 1.5K< T1<40K. Depending on the excitation intensity and wavelength, the material and its doping, Te, does not decrease any further with decreasing T1 but reaches a saturation value. The finite lifetime of the charge carriers enforces them to dissipate their excess energy at relatively high temperatures. Detailed calculations of energy loss rates are shown to be in agreement with the results of time resolved experiments .
1. Introduction.-The luminescence caused by the recombination of free electrons with bound holes (or bound electrons with free holes) reveals directly the energy distribution of the electrons in the conduction band (holes in the valence band). If the density of the electrons is not too low, they are in thermal equilibrium with each other (and with holes which might be present at the same time within the same volume) and their distribution can be characterised by the Maxwell-Boltzmann-tail of a Fermi distribution with an effective electron temperature Te. If the luminescence is excited nonresonantly by laser light or by an electron beam, the electron temperature usually exceeds the lattice temperature Te still at very low excitation intensities in the pW-range. Although such nonequilibrium was observed before (1-3) no thorough investigation of the electron distribution function as a function of the lattice temperature and the excitation conditions exists. In this contribution, some of the results of such investigation~ carried out on GaAs and InP are reported. The electron and lattice temperatures in the excitation volume are both derived from cw photoluminescence experiments. In addition, the decay of the low density e-h-plasma is measured -after equilibrium has been reached. The latter ( time resolved) experiments are crucial for a consistent and quantitative interpretation of the relaxation of hot carriers. The finite lifetime of electrons and holes inhibits their thermalization with the lattice. 
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of the electrons and the holes in GaAs varies between 7.3 meV and 60 meV depending on
. The excitation power varies between 10~cm-~ and 130 u~c m -~. Therefore effects which are important a t higher excitation intensities like band gap renonnalization (5) have not t o be considered. On the other hand, the carrier densities are high enough, such that thermal equilibrium via carrier-carrier collisions is established among them. The lineshape of the (e,AO) recombination line ( Fig.1 ) indeed presents direct evidence for a Maxwellian distribution. For A = 647 nm the generation rate varies between 2 . 7~1 0 '~ and 3 . 6 x 1 0~~e~/ s (assuming that only heavy holes are excited) The excitation density a t 647 nm varies between 8 . 1~1 0~~ and 1 .1x1oZ1 e-h-pairs CIII-~S-' assuming an absorption coefficient of l x l~~m -~ . Crystals used are of high purity, either p-or n-type with residual impurity concentrations H I O~~C I~-~ in the case of GaAs. The electron temperature is determined with a precision of 0.1K from the f i t of the function ( 6 ) (with E=hw -(EG-EA) and EA is the acceptor binding energy) t o the experimentally de-0 termined lineshape of the (e,A ) recombination. Fig. 1 shows an experhentally determined ( e ,~~) lineshape in GaAs and three different f i t s with temperatures differing by 0.5K proiring the sensitivity of the procedure. The electron temperatures increase with increasing excitation intensity (better: excess power) a t constant photon energy (7) and with increasing excess energy/e-h-pair a t constant generation rate, in qualitative agreement with high excitation experiments (3) . The lattice temperature within the excitation volume is deduced from the relative occupation of two level systems (8). Examples of such systems are bound excitons having excited states like the (SnO,Xl i n GaAs (91, or the ground and the ionized state of a neutral donor. Bearing i n mind that any quantitative interpretation of our results requires a precise knowledge of the l a t t i c e temperature, the importance of our method of temperature determination is obvious. In Fig. 2 , the electron temperature is shown as a With decreasing lattice temperature the electron temperature s t a r t s t o remain above the l a t t i c e temperature and finally saturates a t lowest l a t t i c e temperatures a t a value T sat.^ Sat is much higher in e e the InP sample than in the GaAs sample. The inhibited relaxation of the electrons to l a t t i c e temperature i s a consequence of the limitationof the time which charge carriers have to dissipate their excess energy. The mean lifetime of the charge carri e r s limits their relaxation into thermal equilibrium. A quantitative confirmation of t h i s interpretation i s provided by a different type of experiment. The decay of the conduction and valence band population from steady state is monitored via a time resolved cathodoluminescence experiment. Pulses of a length of 200 ns and a steepness of<300 ps are used with an excitation intensity appropriatelyadjusted such that the electrons showed the same temperature as in the photoluminescence experiments. The pulse length of 200 ns assured that the system was indeed in a quasi equilibrium before the decay. Figure 3 shows as an example the integrated intensity as a function of time for the I@-sample of Fig. 2b for two different l a t t i c e temperatures. The excitation conditions are such that Te = 22K for T1 = 13K and Te = 30K for T1 = 25K. More than 80% of the charge carriers decay with a time constant of 1.9 ns. The remaining charge carriers decay much slower in 4.2 and 7.8 ns respectively. \ ; = 1.9 ns InP 3. Discussion or: The input-output model Under stationary conditions (excitation etc.) the excess energy transferred to the charge carriers (input) must be equal to the energy dissipated by the phonons :
where g i s thegenerationrate of e-hpairs, dWL0 i s the energy dissipated by electrons and holes via rapid LO-emission and dE/dt is the total energy dis-( ) -sipation rate per e-h-pair. Standard The dots and crosses are experimentally determined Te -TI combinations for two differently doped samples. important simplifications are not used any more. E.g. the correct interband selection rules are taken into account and correct averaging (111 of the valence band masses is applied. Details w i l l be given elsewhere. Fig. 4 shows some of the results f o r GaAs. Using the experimntally determined Te and T1values, the mean lifetime of the charge carriers can be directly calculated from these curves and Equ. with the former value. Vice versa Te can be derived and compared t o the experiment i f T i s used as an input parameter. There i s again qualitative agreement. I t is not surprising that no exact numerical agreement is found, since some of the coupling constants (like eI4) are not well known. However, a cmbination of a l l experimental results canbeused t o derive those carrier-coupling constants which dominate the energy dissipation. Details of these procedures w i l l be given l a t e r . I t should be mentioned that the surprisingly high T~~~~ for InP shown in Fig. 2 is in quantitat i v e agreement with the short lifetime of1.9ns found a t 5.3K and the smaller (dE/dt) , the l a t t e r being due t o the strongly reduced piezoelectric s c a t t e r i n g r a t e (smaller eI4) i n InP as compared t o GaAs.
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